ABSTRACT
INTRODUCTION
Microbes have a fundamental importance in a wide range of processes including plant productivity, decomposition and energy production (Dixon, 1994) . To the public, microbes are best known for their role in human and crop diseases, although they also play a major role in the global carbon cycle and even precipitation (Christner et al., 2008) .
As researchers continue to dissect the ecological, evolutionary, environmental and economic importance of microorganisms, it is becoming increasingly common to use molecular approaches to survey the genetic or taxonomic composition of a focal sample. To that end, the Ribosomal Database Project developed the 'Classifier' (Wang et al., 2007) to characterize prokaryote communities sampled using ribosomal DNA markers (rDNA); rDNA sequences are useful in phylogenetic analyses because they are found in all organisms, and because different subsections of the rDNA complex provide evolutionary insights at differing time scales (Hillis and Dixon, 1991) . Other projects include PhyloPythia (McHardy et al., 2007) and CARMA (Krause et al., 2008) , which provide phylogenetic classification to metagenomic data.
Here, we introduce the Metagenomic And rDNA Taxonomy Assigner (hereafter 'MARTA'). MARTA leverages the National Center for Biotechnology Information's (NCBI) local BLAST (megablast) utility (Zhang et al., 2000) and Taxonomy database * To whom correspondence should be addressed. (Sayers et al., 2009) to classify the taxonomic status of sequence data using percent identity and voting thresholds determined by the user. In addition, we use a collection of high-quality DNA sequence data gathered from ∼5000 strains of 'Type' bacterial species to compare results generated with MARTA to results from both CARMA and the RDP-II Classifier.
OVERVIEW
Every DNA sequence in GenBank has a GenInfo Identifier, which can be used to retrieve a taxonomic-id in the NCBI Taxonomy database. Therefore, one can submit a DNA sequence to the BLAST nucleotide (nt) database to determine the taxonomic affinity of the results returned by BLAST. Of particular importance is the fact that, unlike a 'reference' database of a particular genetic region or set of taxa, the nt database is a comprehensive resource of current genetic knowledge.
MARTA uses the NCBI resources to assign taxonomic status to sequence data, while enabling the analyst to specify criteria by manipulating the software. MARTA takes as input an ASCII text file with each line containing an id and a sequence to query. After submitting a sample to BLAST to retrieve a list of candidate accessions, the software queries the Taxonomy database to determine the classification for each of the hits returned by the BLAST utility. When the database contains a classification for the best-scoring hit, and the hit meets other user-defined criteria (e.g. percent identity), the taxonomic classification is assigned to the sequence. It is common for the top score to be shared by multiple hits (ties), and then the software 'votes' to ensure that the hits agree on the taxonomic classification (taxon and rank); agreement occurs when a user-defined consensus (%) requirement is found at one of the eight major taxonomic ranks (Domain, Kingdom, Phylum, Class, Order, Family, Genus, Species). By default, MARTA requires strict percentage consensus (100%) among ties at the six higher taxonomic ranks (Domain to Family) but a lower consensus requirement (66%) at the Genus and Species level; this is easily modified at the command-line (e.g. -cutoffs = 1,1,1,1,1,1,2/3,2/3).
It is not uncommon for the database to lack a classification for the best-scoring hit returned from BLAST; in that scenario, it is possible that experienced BLAST users will want to record some of the taxonomic information found after the best-scoring hit. Therefore, MARTA permits either a best-score strategy (above) or a 'slip-score' (percentile-based) strategy. When the user chooses a slip-score strategy and the top-scoring hits lack taxonomic information, the software iterates down through the bitscores to consider the next set of candidate hits, provided that their scores fit a tolerance criterion chosen by the user. Examples illustrating the best-score strategy and the slip-score strategy are included in the Supplementary Materials.
MARTA includes a mechanism to 'revote' that will enable researchers to consider additional voting strategies while avoiding the bottleneck experienced during BLAST. Revoting permits the user to (i) compare the results from different taxonomic-rank thresholds, to (ii) switch between a best-score and slip-score strategy or to (iii) modify the tolerance criterion used in calculating the slip-score. To facilitate comparison, the results from revoting are stored separately (e.g. -group = nominscore) during each bout of voting. An example of output generated by MARTA is shown in the Supplementary Materials.
SOFTWARE EVALUATION
To construct a test case, we built a sample corpus by downloading the 'isolated' 'Type' strain sequences and taxonomic assignments from the Ribosomal Database Project, Release 10, Update 13 (Cole et al., 2009) . The dataset consists of 5172 'Good' quality Bacterial DNA sequences. Of these sequences, 5148 contain species-level designations and were analyzed using the phylogenetic classification software CARMA, the RDP-II Classifier and MARTA. MARTA was tested using a best-score approach (above) while CARMA and the RDP-II Classifier were tested using their default parameters (Supplementary Materials).
Testing for exact matches, we find a high level of congruence between the classifications in the corpus and the assignments provided by MARTA (to species level) and the RDP-II Classifier (to genus level). CARMA did not provide accurate taxonomic assignments with this dataset (Supplementary Materials). CARMA assigned 20.1% of the 'environmental gene tags' that it detected to Chordata and 49.9% to Eukaryota. This is erroneous, and we no longer consider CARMA here.
The RDP-II Classifier uses a Bayesian algorithm to phylogenetically classify Bacterial or Archaeal rDNA sequences into taxonomic ranks ranging from the domain to the genus level. With the genus-level assignments in the corpus (94.3%), 4852 of its assignments are congruent.
Of the 5148 taxonomic assignments, 4939 provided by MARTA are congruent at the species level (95.9%). Of the remaining 209 taxonomic mismatches (4.1%), 125 match the genus-level assignments found in the corpus. MARTA purposefully restricted the assignments of 89 of these sequences to a genus level due to the threshold requirements mentioned above. MARTA compares well with the RDP-II Classifier and is highly congruent with the genus level assignments in the corpus (98.4%). Although we recognize an additional set of mismatches that can be recovered by merging synonyms or fixing minor spelling errors in the corpus or Taxonomy database, these errors impact the RDP-II Classifier and MARTA similarly. Indeed, we expect all phylogenetic classification software to improve in the future, as discrepancies in the Taxonomy databases are resolved; we include code on the web site to aid the reader in resolving recognized discrepancies.
CONCLUSION
MARTA was developed to characterize the taxonomic composition of communities using DNA sequence data. The software manages BLAST and the Taxonomy database to determine whether taxonomic consensus occurs among the top hits returned by BLAST. The results from this study show that this approach works well for phylogenetic classification. Although this study was possible due to the extensive amount of data generated on bacterial species, it is likely that MARTA will aid in the analysis of sequence data not considered by currently available phylogenetic classification software. In a future release of MARTA, we will extend the software to manage the blastp utility and protein (nr) database (Altschul et al., 1997) for next generation metaproteomic studies (sensu Delmotte et al., 2009 ).
An important limitation for phylogenetic classification software is the quality of the reference taxonomy and the fact that 'missing sequences' occur in the current databases. As discrepancies continue to be resolved in the databases offered by NCBI, the International Nucleotide Sequence Database Collaboration and others, and improved sequencing technologies increase interests in the microbial sciences, we expect improvement in the results of MARTA and other phylogenetic classification software.
